Abstract Previous studies that have evaluated the Na + -H + antiporter in cells from hypertensive subjects were generally performed under conditions in which HCO 3 -CO 2 , the physiological buffer system, was absent from the assay media. The objective of this study was to evaluate the activity of the Na + -H + antiporter and that of the Na + -dependent and Na + -independent Cr-HCO 3 " exchangers in cells assayed in the presence of HCO3-CO2 in the media. Lymphocytes from 6-to 8-week-old spontaneously hypertensive rats (SHR) and age-matched Wistar-Kyoto (WKY) rats were obtained from the thymus gland and assayed immediately after isolation. 14 hypertension has received increasing attention. Previous studies that have evaluated the Na + -H + antiporter in cells from hypertensive subjects were performed under conditions in which bicarbonate-carbon dioxide (HCO 3 -CO 2 ), the physiological buffer system, was absent from the assay media. This, by design, results in an overestimation of the role of the Na + -H + antiporter in the regulation of intracellular pH (pH|) and ignores the existence of other HCO 3~- changer. Unlike the Na + -H + exchanger and the Na + -independent C1"-HCO 3 " exchanger, which had their highest activities at extremes of pH, (low pH|, Na + -H + exchanger, and high pH, Na + -independent C1"-HCO 3 " exchanger), the Na + -dependent G~-HCO 3~ exchanger had its maximal activity near steady-state pH, (approximately 7.1). No significant differences were found in the stimulated activity of this exchanger between cells from SHR and WKY rats (2.23±0.26 and 2.50±0.43 mmol H + /L per minute, respectively). The kinetic properties of the Na + -dependent and Na + -independent Cr-HCO 3~ exchanger, examined as a function of external Cl~, were also virtually identical in cells from SHR and WKY rats. We conclude that in lymphocytes from SHR and WKY rats, the activity of the two CT-HCO 3~ exchangers, like that of the Na + -H + exchanger, is dependent on the prevailing pH,. The Na + -dependent CT-HCQf exchanger has its highest activity near steady-state pHj, suggesting an important role in the cell defense against intracellular acidosis under physiological conditions. The similar kinetic properties in each of the two HCO 3 "-dependent transporters suggest that there are no intrinsic differences between lymphocytes from SHR and WKY rats with respect to the plasma membrane proteins that effect CT-HCCV exchange. (Hypertension. 1994^3:503-512.)
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Abstract Previous studies that have evaluated the Na + -H + antiporter in cells from hypertensive subjects were generally performed under conditions in which HCO 3 -CO 2 , the physiological buffer system, was absent from the assay media. The objective of this study was to evaluate the activity of the Na + -H + antiporter and that of the Na + -dependent and Na + -independent Cr-HCO 3 " exchangers in cells assayed in the presence of HCO3-CO2 in the media. Lymphocytes from 6-to 8-week-old spontaneously hypertensive rats (SHR) and age-matched Wistar-Kyoto (WKY) rats were obtained from the thymus gland and assayed immediately after isolation. The activity of the Na + -H + antiporter after stimulation by cell acidification (pH, approximately 6.4) was similar in SHR and WKY rats (18.67+1.03 and 16.12±0.92 mmol H + /L per minute, respectively). Recovery from cell alkalinization was effected by an Na + -independent C1~-HCO 3~ exchanger, with maximal activity at an alkaline pH, (approximately 7.7). The stimulated activity of this Na + -independent Cr-HCO 3 " exchanger was also not different between SHR and WKY cells (2.65±0.25 and 2.55±0.32 mmol H + /Lper minute, respectively). Acute chloride removal produced a rise in pH, that was Na + -dependent and sensitive to 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) but resistant to ethylisopropylamiloride (EIPA), reflecting the activity of an Na + -dependent C1~-HCO 3~ ex-O ver the last several years the investigation of intracellular proton concentration and the Na + -H + antiporter in experimental 16 and clinical 7 
"
14 hypertension has received increasing attention. Previous studies that have evaluated the Na + -H + antiporter in cells from hypertensive subjects were performed under conditions in which bicarbonate-carbon dioxide (HCO 3 -CO 2 ), the physiological buffer system, was absent from the assay media. This, by design, results in an overestimation of the role of the Na + -H + antiporter in the regulation of intracellular pH (pH|) and ignores the existence of other HCO 3~-dependent transporters that contribute not only to the regulation of pH| 15 -17 but also to the regulation of cell volume, 1819 cell growth, 2021 and intracellular sodium. 22 Alterations in the control of any or all of these processes could in various ways be involved in the pathogenesis of hypertension.
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changer. Unlike the Na + -H + exchanger and the Na + -independent C1"-HCO 3 " exchanger, which had their highest activities at extremes of pH, (low pH|, Na + -H + exchanger, and high pH, Na + -independent C1"-HCO 3 " exchanger), the Na + -dependent G~-HCO 3~ exchanger had its maximal activity near steady-state pH, (approximately 7.1). No significant differences were found in the stimulated activity of this exchanger between cells from SHR and WKY rats (2.23±0.26 and 2.50±0.43 mmol H + /L per minute, respectively). The kinetic properties of the Na + -dependent and Na + -independent Cr-HCO 3~ exchanger, examined as a function of external Cl~, were also virtually identical in cells from SHR and WKY rats. We conclude that in lymphocytes from SHR and WKY rats, the activity of the two CT-HCO 3~ exchangers, like that of the Na + -H + exchanger, is dependent on the prevailing pH,. The Na + -dependent CT-HCQf exchanger has its highest activity near steady-state pHj, suggesting an important role in the cell defense against intracellular acidosis under physiological conditions. The similar kinetic properties in each of the two HCO 3 "-dependent transporters suggest that there are no intrinsic differences between lymphocytes from SHR and WKY rats with respect to the plasma membrane proteins that effect CT-HCCV exchange. (Hypertension. 1994^3:503-512.)
Key Words • hydrogen-ion concentration • ion transport • ion exchange • rats, inbred SHR Exploration of the activity and kinetic properties of the various pH, regulatory transporters therefore seems a logical step in the evaluation of pH r regulating mechanisms in cells from hypertensive subjects. Two distinct bicarbonate transporters have been identified in various cell systems, including an electroneutraJ Na + -independent C1~-HCO 3~ exchanger and an electroneutraJ Na + -dependent Cr-HCO 3 " exchanger. 2433 The latter exchanger, like the Na + -H + antiporter, provides a mechanism of defense against cell acidification. Whereas the Na + -H + antiporter extrudes protons in exchange for extracellular sodium, the Na + -dependent d"-HCO 3 " exchanger defends against cell acidification by acting as a pathway for HCO 3 " entry into the cell in exchange for internal chloride. 25 - 29 Both transporters thus regulate pH, and sodium entry into the cell. 22 Overactrvity of either one or both of these transporters, particularly if accompanied by reduced sodium extrusion via the plasma membrane Na + ,K + -ATPase pump, would explain the elevated levels of intracellular sodium recently reported by us in lymphocytes from the spontaneously hypertensive rat (SHR) 34 and by others in red blood cells of subjects with primary hypertension. 35 In the present study we examined the activity of the Na + -H + antiporter in the presence of HCO 3 -CO 2 as well as the activity and kinetic properties of the Na + -dependent and Na + -independent C1"-HCO 3 " exchangers using freshly isolated lymphocytes from SHR and WistarKyoto (WKY) rats.
Methods
Preparation of Lymphocytes
Male SHR 6 to 8 weeks of age and age-matched normotensive WKY rats were obtained from Taconic Farms and placed on a standard rat chow diet (Ralston Purina). Systolic blood pressure, measured before each experiment by the awake tail-cuff method, was significantly higher in SHR (n=8) than WKY rats (n=9) (129±5 and 107±4 mm Hg, respectively, /*<.01). Differences in blood pressure can usually be discerned between SHR and WKY rats after 5 weeks of age, with frank hypertension developing after 10 or 12 weeks of age. 36 In this study we used young animals with early hypertension. In older animals involution of the thymus gland starts occurring, limiting the number of cells that can be harvested.
Experiments were performed using a suspension of freshly isolated thymocytes that represents a homogeneous population of T lymphocytes. The procedure of lymphocyte separation was as previously described. 3 The thymus gland was removed from anesthetized rats (5 mg/100 g body wt IP phenobarbital) and placed in RPMI 1640. The thymus was then cleared of blood vessels, minced, pipetted, and filtered through gauze to remove extraneous tissue. The resulting suspension of thymocytes was washed twice in RPMI at 150g for 5 minutes. Cells were then counted and concentrated to 20x 10 6 cells per milliliter and transferred to the desired buffer solutions without serum added.
Buffer Solutions
Two basic assay solutions were used: one containing HCO 3ã nd one not containing HCO 3~. The HCO 3~-free solution had the following composition (mmol/L): HEPES 5, NaCl 133.8, KCI 4.7, CaCI 2 1.25, MgCI 2 1.25, Na 2 HPO 4 0.97, NaH 2 PO 4 0.23, and glucose 5, pH 7.4. The HCO 3~-containing solution was similar except that NaCl was reduced to 111.8 mmol/L to match the addition of 22 mmol/L NaHCO 3 . The HCO 3s olution was constantly bubbled with 5% CO 2 -95% O 2 and capped with parafilm to minimize CO 2 diffusion. For experiments using Na + -free solutions, choline chloride was substituted for NaCl, choline bicarbonate for NaHCO 3 , and KH 2 PO 4 for NaHPO 4 , and KCI was adjusted appropriately. Chloride-free solutions were prepared by substituting the sodium and potassium salts of aspartic acid for NaCl and KCI; MgSO 4 was substituted for MgCl 2 ; and calcium gluconate was substituted for CaCI 2 . Chloride-free solutions lacking Na + were prepared replacing NaHCOj with choline HCO 3 " and replacing sodium aspartate with n-methylglucamine.
25
Measurement of pH,
2',7'-bis(2-Carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM), a pH-sensitive fluorescent dye well suited for the study of pH, in the physiological range, was used to load the cells for pHj measurements as previously described.
3
- 4 The dye-loaded cells were kept in one of the buffer solutions under constant magnetic stirring in a thermostatically controlled cuvette (37°C) in a model LS-5 spectrofiuorometer (Perkin-Elmer). In the studies using HCO 3 " buffer solutions, a 95% 0^5 % CO 2 atmosphere was maintained throughout the experiments. To avoid CO 2 diffusion, the buffer solutions and cell suspensions were capped with parafilm and constantly bubbled with CO 2 . Cells were placed into a spectrofluorometer cuvette that was tightly capped with an air line run through a pin hole in the cap to maintain the atmosphere at 95% 0^5 % CO 2 . The dye was alternately excited at 500 and 440 nm, and emission was measured at 520 nm. The 500:440 ratio of BCECF-AM was calibrated to pH, with a calibration curve generated in a KCI buffer containing 120 mmol/L K + using the nigericin technique. 4 All calibration curves had a correlation coefficient of .99 or higher. BCECF-AM leakage in our lymphocyte preparation was minimal (less than 5%/h).
Steady-state pH,
Cells were warmed to 37°C, and steady-state pH, was taken as the value observed after 5 minutes of continuous BCECF-AM fluorescence monitoring.
Intracellular Acidification and pH, Recovery
Cells were acidified by the NH 4 C1 technique 1516 " in the continuous presence of HCO 3 -CO 2 . The application and subsequent removal of NH,CI causes pH| to decrease rapidly (pH, approximately 6.3 to 6.4).' 623 In the presence of external sodium pH, rapidly increases, reaching a steady state in 5 to 10 minutes. The pHj was monitored each 20 seconds for 3 minutes and thereafter every minute for 10 minutes. The initial pH, recovery was totally unaffected by 400 jtmol/L 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) and inhibited by 20 /imol/L ethylisopropylamiloride (EIPA) (see Fig 1 and "Results"). Activity of the Na + -H + antiporter was derived from data obtained in the first 40 seconds of pH| recovery. The velocity of recovery was expressed as H + flux derived from the product of the change in pH| observed in the first 40 seconds times the buffering power (millimoles H + per liter per ApH,) measured at the departing pH, (approximately 6.4).
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transporter was expressed as H + flux by multiplying the change in pH, observed in the first 40 seconds by the buffering power (millimoles H + per liter per ApH|) measured at the starting pH,. The change in pH, (ApH,/min) effected by different Cl" concentrations (132, 80, 50, 0 mmol/L) was determined and the data used to calculate the V m^ and K, of the Na + -dependent Cr-HCO 3 " exchanger using the Lineweaver-Burk double reciprocal plot. 37 In additional experiments pH, was clamped at a range of 6.2 to 7.7 using nigericin while external K + was varied from 2 to 5 mmol/L.
-
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- 39 Then, external Cl" was removed (aspartate replaced) to assess the pH| dependency of the Na + -dependent Cr-HCOj" exchanger.
Recovery From Cell Alkalinization
Cells alkalinized by chloride depletion as described above were further studied during recovery from alkalinization effected by resuspending them in a Cl"-containing medium (132 mmol/L). After Cl" readdition pH, fell rapidly in the first minute, reaching steady state in 4 to 5 minutes (see "Results"). The stimulated activity of the Na + -independent C1"-HCO 3 " exchanger was derived from data obtained in the first 40 seconds of the pH, decline. This pH, recovery was DIDS sensitive and external Cl" dependent but unaffected by either EIPA or Na + removal (see "Results"). The velocity of the exchanger was expressed as H + flux using the product of the change in pH, observed in the first 40 seconds and the buffering power measured at the same starting pH,.
In 
Buffering Power
The buffering power of lymphocytes was determined in the presence of HCO r CO 2 using the NH 4 CI pulse technique. 39 -40 The buffering power was calculated as the ratio of ANH, + and ApH,, where ANH/ equals the rise in [NH 4 + ], produced by the alkaline pulse, and ApH| is the difference between the pH, prevailing before and after the pulse. The ApH, range used for these calculations was 0.10 to 0.25 pH units and was achieved using an NH 4 C1 range of 1 to 5 mmol/L (1 mmol/L when the departing pH| was acid and 5 mmol/L when the departing pH, was at steady state or higher). [NH/], was calculated using a pK value of 9.21 and assuming that NH, was in equilibrium across the cell membrane. 40 
Statistical Analysis
All data are expressed as mean±SEM. Statistical analysis was done using Student's / test for paired and unpaired observations as appropriate. Changes in pH, or H + flux over time between SHR and WKY cells were examined using two-way ANOVA. Values of P<.05 were considered significant.
Results
Steady-state pH,
In lymphocytes assayed in an HCO 3~-free solution, steady-state pH| in cells from SHR (n = ll) was lower than that in cells from age-matched control WKY rats (n = l l ) (7.21±0.01 and 7.29±0.02, respectively, P<.05). In lymphocytes assayed in an HCO 3 -CO 2 -containing solution, pH, also was lower in SHR (n = ll) than WKY rats (n = ll), but the difference did not reach statistical significance (7.09±0.03 and 7.14±0.01, respectively).
Assessment of Na + -H + Antiporter-Dependent pH, Recovery From Cell Acidification
To study the activity of pH, regulatory transporters involved in the recovery from cell acidification, we lowered pH, to approximately 6.4 using the NHtCl technique. pH, recovery in the presence of HCO 3 -CO 2 was fast in the first minute and usually complete by 10 minutes (Fig 1) . Removal of Na + from the recovery solution (choline replacement) obliterated the initial rate of pH, recovery, and, in fact, pH| continued to fall during the first minute. In the presence of EIPA, pH| recovery was also obliterated during the initial first minute, but thereafter a progressive increase in pH, was observed. Thus, pH, recovery at 10 minutes was not completely blocked by EIPA. The absence of external Na + produced a greater degree of inhibition than EIPA. The addition of DIDS had no effect on the initial pH, recovery (first minute), although it had a slight but consistent inhibitory effect on pH, recovery as pH, was returning to steady state (Fig 1) .
In the aggregate these findings show that the pH, recovery from cell acidification in the presence of HCO3-CO2 has two components: an EIPA-sensitive component corresponding to the activity of the Na + -H + antiporter and an EIPA-resistant component. pH, recovery from severe cell acidification is initially dependent solely on the Na + -H + antiporter. After the first 40 seconds, pH, recovery proceeds, albeit at a reduced rate, despite the presence of EIPA. Because pH, recovery is totally dependent on external Na + and totally inhibited by EIPA during the initial phase of pH, recovery, the maximal activity of the Na + -H + antiporter is best evaluated only during this brief period. For the rate of pH| recovery to solely reflect the activity of the Na + -H + exchanger, another criterion must be fulfilled: the pH, recovery should be unaffected by inhibitors of transporters other than the Na + -H + antiporter. This criterion was met in that DIDS had no effect on the initial rate of pH, recovery (Fig 1) . In other words, initial pH ; recovery (the first 40 seconds) in the presence of DIDS equals the spontaneous control recovery, which is totally EIPA sensitive and thus reflects H + flux via the Na + -H + antiporter. A comparative analysis of pH| recovery from cell acidification in SHR and WKY lymphocytes is shown in Fig 2. The pattern of pH| recovery over time under control conditions was essentially identical in SHR and WKY cells. Likewise, no significant differences between SHR (n=ll) and WKY (n = ll) rats were observed in the presence of EIPA and the absence of external Na + . The stimulated activity of the Na + -H + antiporter expressed as H + flux during the initial 40 seconds was essentially the same between SHR and WKY cells (18.67+1.03 and 16.12±0.92 mmol H + /L per minute, respectively).
As expected, the activity of the Na + -H + antiporter during pH| recovery was dependent on pH, such that its activity markedly decreased as pH, increased toward a steady state (Fig 3) . As pH, increased toward baseline the rate of H + flux (calculated as H + flux using buffering power at each corresponding pH,) via the EIPA-resistant mechanism was maintained and became higher than the EIPA-sensitive component. As a function of pH| SHR and WKY lymphocytes displayed a virtually identical behavior in terms of both EIPA-sensitive and EIPA-resistant recoveries (Fig 3) .
Evaluation of the Na + -Dependent CP-HCCV Exchanger
The component of Na + -dependent pH, recovery from cell acidification that was EIPA resistant (EIPA-Na + -free pH, recovery) and active as pH, approached steady state (Fig 3) could be due to the operation of an Na + -dependent Cr-HCO 3~ exchanger or some other Na + -dependent transporter. We addressed this issue by the experiments in which Cl~ was removed from the external media. In response to Cl" removal from the media (replaced by aspartate, pH 7.40), pH, increased rapidly (from approximately 7.1 to 7.6), reaching a plateau after approximately 4 minutes. This acute alkalinization was unaltered by the presence of EIPA (20 fimol/L) but was completely prevented by the addition of DIDS (400 Mmol/L) (Fig 4A) .
Removal of Na + in a Cl'-free medium (n-methylglucamine replacement for sodium aspartate) resulted in a brief acidification followed by a progressive increase in pH| (Fig 4A) . Under these conditions the brief acidification reflects, at least in part, inhibition of HCO 3ẽ ntry into the cell via the C1~-HCO 3~ exchange, which is Na + dependent. After 1 minute pH, started to increase although at a rate that was clearly blunted compared with experiments in which Na + was present (see Fig  4A) . This reflects impaired HCO 3~ entry also via the C* 0 mmoVL CtSOmmoM.
CIMrranoU.
a 112 mmoW. FIG 4 . A, Une graph shows representative examples of pH| changes elicited by Cl" removal from the medium (replaced by aspartate, pH 7.4). Note that the rapid rise in pHi induced by Cl" removal was not modified by the presence of ethylisopropylamiloride (EIPA) (20 mol/L) but was obliterated by 4,4'-dlisothiocyanatostJlbene-2,2'-disulfonic acid (DIDS) (400 Aimol/L) and the removal of Na + from the medium. B, Une graph shows that changes In external chloride concentration clearly affect the rate of rise In pH| in a concentration-dependent manner. The diagram shows that observed changes in pHi are consistent with HCO 3~ entry via an Na + -dependent CI~-HCO 3ẽ xchanger (big circle) rather than reversal of the Na + -independent CI~-HCO 3~ exchanger (small circle). FKB 5. Plots show effect of departing pH, on alkalinization produced by CI" removal. A, pH, was first set at various levels using the K + nigerlcln technique In the continuous presence of HCO 3 -CO 2 . The pH| change produced by CI" removal was then monitored for 5 minutes In the presence of ethylisopropylamiloride (EIPA) (20 /imol/L) to ensure that the Na + -H + exchanger was blocked. B, ApH, observed during the first 40 seconds of CI" removal plotted against the prevailing pH in a group of pooled experiments performed as in panel A. The diagram shows that maximal rise in pH, attributable to HCO3" entry via the Na + -dependent CI"-HC(V exchanger (big circle) occurs near steady-state pH,.
Na
+ -dependent C1"-HCO 3~ exchanger when external CI" is removed in the absence of Na + (Fig 4A) and possibly the reversal of the Na + -independent Cl~-HCO3" exchanger as well. Participation of the Na + -H + exchanger in the blunted increase in pH, increase when CI" was removed in the absence of external Na + would require reversal of its normal mode of operation and substantial activity above steady-state pH,, which is highly unlikely. In any case, our experiments using CI" removal to assess the Na + -dependent C1"-HCO 3 " exchanger were performed in the presence of EIPA to block Na + -H + exchange ( Figs 4A and 5 ). An increase in pH| was seen with Cl~ concentrations below 132 mmol/L such that concentrations below this level resulted in rapid and larger increases in pH| (HCCy in, CI" out of the cell) (Fig 4B) . In further experiments we examined the dependency of the Na + - 
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Fra 6. Line graph shows comparison of changes In pH, of lymphocytes from spontaneously hypertensive rats (SHR) (n=11) and Wlstar-Kyoto (WKY) rats (n= 11) in response to acute chloride removal. No differences in pH| recovery rate were seen between cells from the two rat strains.
dependent CI -HCO 3 exchanger on the prevailing pH, (Fig 5) . In these studies we preset pH| at various levels using the nigericin technique. 4 Resuspension in a chloride-free medium containing EIPA, to ensure that the Na + -H + antiporter could not contribute to cell alkalinization, resulted in a rapid and progressive pH, increase. The pH, increase was maximal near steady-state pH, (approximately 7.0 to 7.2) and was absent when pH| was very high (>7.5) or very low (<6.4) (Fig 5A and 5B) .
The aggregate of these findings indicates that the initial change in pH, observed when the external CI" concentration is reduced reflects the activation of a C1"-HCO 3 " exchanger that is Na + dependent, DIDS sensitive, EIPA resistant, and maximally active near steady-state pH, (approximately 7.10). Thus, we used only the initial phase of pH| increase observed 40 seconds after CI" removal as an index of the stimulated activity of the Na + -dependent C1"-HCO 3 " exchanger. This approach also allowed us to calculate H + flux (ApH/40 seconds xmmol H + /L per ApH) based on buffering power measured at the departing steady-state pH,.
A comparative analysis of data from SHR and WKY cells is shown in Fig 6. reports showing that the affinity for HCO 3 in the external binding site exceeds that of Cl~ by a factor of 2 to 3 on the anion transporter in both lymphocytes 41 as well as red blood cells. 24 Although the activity of this exchanger could be inhibited by increasing external Clc oncentrations at a Cl~ concentration around 100 mmol/L, the physiological level prevailing in the extracellular space, this transporter remained quite active (Fig 7) . Importantly, the optimal pH, for the activity of this transporter is near steady-state pH,.
Evaluation of Na + -Independent Cr-HCOj" Exchange
For these experiments cells were first alkalinized by removal of external C\~ as described above. This method resulted in a pH, increase with rapid stabilization in approximately 5 minutes. On resuspension of lymphocytes on a Cl~-containing solution, pH| recovery was extremely fast, EIPA resistant, Na + independent, and totally DIDS sensitive (Fig 8A) . The initial rate of pH, recovery was clearly dependent on external C\~ ( Fig  8B) . These findings are consistent with the operation of an Na + -independent Cr-HCO 3~ exchanger. To calculate maximal C1~-HCCV exchange activity we used the fall observed during the first 40 seconds on addition of Cl". H + -equivalent flux was then calculated as ApH/ minx buffering power measured at the departing alkaline pH, and in the presence of HCO 3 -CO 2 .
The pH, recovery from an alkaline pH, in lymphocytes from SHR (n = ll) and WKY rats (n = ll) is shown in Fig 9. No differences were observed in the rate of pH, recovery between SHR and WKY cells (ApH at 40 seconds, 0.21 ±0.01 and 0.19±0.02, respectively). Likewise, the flux measured as H + equivalent was similar for cells from SHR and WKY rats (2.65±0.25 and 2.55±0.32 mmol H + /L per minute, respectively). The dependency of this exchanger on pH, was also virtually the same in SHR and WKY cells such that H + flux rapidly approached zero when pH, returned to a steady state (Fig 10) . This is in contrast to the Na + -dependent C1~-HCO 3~ exchanger, which had its maximal activity near steady-state pH, (Fig 5B) .
The activation of the Na + -independent Cr-HCO 3 " exchanger by extracellular Cl" exhibited characteristics of first-order dependency, with no differences observed between lymphocytes from SHR (n=9) and WKY rats (n=9) (Fig 11) . The K™ values of this C1--HCCV exchanger were 7.08±1.05 and 6.75±1.20 mmol H + /L per minute in SHR and WKY cells, respectively. The K m also was not significantly different (45±6 and 50±5 mmol/L in SHR and WKY cells, respectively).
Discussion
This study examined pH, regulation in lymphocytes from SHR and WKY rats using media containing HCOj-CO? to assess the activity of the three main transporters involved in the control of pHji the Na + -H + exchanger, the Na + -dependent C1"-HCO 3 " exchanger, and the Na + -independent C1"-HCO 3 " exchanger. The activity of each of these transporters was found to be distinctively dependent on the prevailing pHj. As summarized in the Table, the pH, at which each transporter had its highest (stimulated) activity differed widely. The activity of the Na + -H + antiporter was the highest at acidic pH ( , whereas the activity of the Na + -independent C1~-HCO 3~ exchanger was maximal at an alkaline pH,. The activity of both the Na + -H + antiporter and Na + -independent C1~-HCO 3~ exchanger decreased markedly as pH, approached steady state (Figs 3 and 10) . By contrast, we found that an Na + -dependent C1"-HCO 3 " exchanger was maximally stimulated near the physiological range of steady-state pH, (7.0 to 7.3) (Fig 5A and  5B ). This suggests an important role for this transporter in the physiological regulation of pH, and possibly in some pathophysiological states as well.
An increasing number of studies have focused on the Na + -H + antiporter in cells from experimental models of hypertension and human primary hypertension. 114 To our knowledge, neither the Na + -dependent C1"-HCO 3 " exchanger nor the Na + -independent CI~-HCO 3~ exchanger has been studied in experimental models of hypertension. As emphasized by Karniski, 23 if intracellular pH or the Na + -H + exchanger is to be implicated in the pathogenesis of hypertension, then HCO 3~-dependent transport processes cannot be ignored. By design, whenever the external medium lacks HCO 3 -CO 2 , the operation of all HCO 3~-dependent transporters is eliminated and the role of the Na + -H + exchanger in pH, regulation is overestimated. This is clearly apparent, for instance, when various agonists and growth factors are studied in the presence or absence of HCO 3 -CO 2 . In the absence of HCO 3 -CO 2 , pH| increases markedly on addition of many agonists and growth factors owing to unopposed stimulation of the Na + -H + exchanger. 1517 - 42 However, in the presence of HCO 3 -CO 2 , pH, either falls slightly or changes very little owing to the concerted stimulation of the various transporters. 131743 - 44 The lack of studies assessing the activity of HCO 3~-dependent transporters in hypertension research likely reflects methodological difficulties in using HCO 3 -CO 2 media. Solutions lacking HCO 3 -CO 2 that are usually used to examine Na + -H + exchanger activity are easy to handle, and one does not have to worry about the not shown) . A, Readdition of chloride produces a rapid fall in pH, that is obliterated by 4,4'-diisothiocyanatostilbene-2,2'-disurfonlc acid (DIDS) (400 Mmol/L). By contrast, the presence of ethylteopropylamiloride (EIPA) (20 junol/L) or removal of Na + had no effect on pH, recovery. Activity of the Na + -independent CI'-HCQr exchanger was taken as the difference in ApH observed in Cl"-free and control conditions (Cr-free-control recovery) observed in the first 40 seconds of recovery. B, Readdition of chloride at different concentrations produced concentration-dependent pH recovery. The diagram shows that the changes described are consistent with HCQr exit via an Na + -independent CI'-HCQf exchanger (big circle) rather than reversal of an Na + -dependent CI~-HCO 3~ exchanger (small circle).
operation of HCO 3 -dependent transport processes. Although convenient, this is an artificial approach that does not convey what is happening in physiological conditions. 17 The Na + -dependent and Na + -independent CI~-HCO 3~ exchangers, which normally operate in the opposite direction, could theoretically reverse and operate in the reverse mode under testing conditions (ie, Cl" removal). 41 The absence of a specific inhibitor for each one of these transporters (both are inhibitable by stilbene derivatives such as DIDS or 4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid [SITS] ) also makes it difficult to separate one transporter from the other. Together, these difficulties may explain the paucity of cellular studies in an HCO 3 -CO 2 medium in pathophysiological states.
We used a method of evaluating the activity of the Na + -dependent CI~-HCO 3 " exchanger based on the acute removal of external chloride in the presence of Na + in the external medium. When we placed cells in a chloride-free medium, we saw a rapid increase in pH, as shown previously by Simchowitz and Davis 41 in leukocytes. This rise in pH, could be the consequence of either HCO 3 " entry and Cl" exit via the Na + -dependent C1"-HCO 3 " exchanger or suppression of HCO 3 " extrusion via the Na + -independent C1"-HCO 3~ exchanger. The following findings indicate that the rise in pH| was due to HCO 3 " entry via the Na + -dependent C1"-HCO 3ẽ xchanger. The change in pH, after chloride removal, at least that seen during the first minute, was due to a mechanism that is DIDS sensitive, dependent on the external Na + , unmodified by EIPA, and dependent on the chloride concentration in the extracellular medium (Fig 4) . These properties correspond to the characteristics of an Na + -dependent C1"-HCO 3~ exchanger. However, the possibility that the Na + -independent Cl~-HCO 3 " exchanger, working in the reverse mode, contributed to the alkalinization observed with Cl" removal could be excluded with reasonable certainty only in the first minute or so. Thereafter, chloride removal was associated with a modest increase in pH,, despite the absence of external Na + , suggesting an effect on pHj secondary to the reversal of the Na + -independent Cl~-HCO 3 " exchanger. To take this into our account, our analysis is based only on the initial pH, change (first 40 seconds) observed after the imposed change in Clc oncentration in the external medium. Our approach also permitted the study of all three transporters using cells isolated and assayed on the same day that animals were killed. Thus, identical conditions were used to assay cells from one SHR and one WKY rat that were harvested and studied on the same day. For this purpose thymic lymphocytes offered an excellent model because the thymus gland as a source of lymphocytes provides a large number of cells (T lymphocytes) that could not be generated using circulating lymphocytes. These methodological aspects are important if the ultimate purpose is to disclose or refute the existence of differences in the parameters of interest between cells from two rat strains.
To our knowledge this study is also the first to investigate the activity of the Na + -H + antiporter in the presence of HCO 3~ in SHR and WKY rats. As we have previously shown, in studies conducted in the absence of HCO 3 -CO 2 , 3 ' 4 -45 the rate of proton extrusion after cell acidification in lymphocytes is virtually identical between SHR and WKY rats. In the presence of HCO 3 , like in its absence, the Na + -H + exchanger has a steep pH| dependency, and there are no significant differences in the activity of this exchanger between SHR and WKY rats (Fig 3) . As we have previously shown 34 the steadystate pH, of lymphocytes from SHR was lower than that from WKY rats. This is in agreement with the data from Resnick et al 13 in red blood cells from patients with primary hypertension, although other studies in humans have shown either no differences or even a higher pH| in hypertensive subjects. 14 We have proposed that chronic intracellular acidosis in lymphocytes from SHR dictates a secondary elevation in the activity of the Na + -H + antiporter that results in enhanced Na + accumulation and extrusion of acid equivalents. 34 We have also described intracellular acidosis in cells from the Dahl rat model of salt-sensitive hypertension, a model in which excretion of acid by the kidneys is augmented, probably reflecting cellular acid overproduction. 45 We have thus proposed the hypothesis that a reduced pH, secondary to acid overproduction dictates a higher rate of cell H + extrusion via the Na + -H + antiporter. 345 It is now appropriate to discuss the findings of the present study in light of this hypothesis; that is, how should a lower steady-state pH, affect the activity of the two HCO 3~-dependent transporters? The two HCO 3~-dependent transporters characterized in the present study, like the Na + -H + antiporter, display a distinctive pH, dependency. The tendency toward intracellular acidosis in lymphocytes from SHR should enhance not only Na + -H + exchange but Na + -dependent Cl'-HCOj" exchange as well (the two transport systems that defend the cell against acid loads). Overactivity of these two transporters acting in concert would attenuate intracellular acidosis and in the process would tend to increase intracellular sodium. Indeed, we recently have documented an augmented level of free cytosolic Na + in SHR cells. 34 From the data of the current study it is clear that the Na + -dependent C1~-HCO 3~ exchanger plays an important role in the regulation of pH, under steady-state conditions. The stimulated activity of this exchanger was not found to be different between SHR and WKY cells. However, this does not imply that under steady-state conditions no differences exist. There is an obligatory interdependence dictated by the prevailing pH| among the activities of the various transporters; as long as there are differences in pH, (even small ones) or increased cellular acid production, there have to be adjustments in the activity of pH, regulatory transporters. The Na + -dependent Cr-HCO 3~ exchanger, owing to its activity near steady-state pH|, is the prime candidate to adjust its activity during physiological perturbations in cell acid and base production. Accordingly, the activity of the Na + -dependent C1~-HCO 3~ exchanger, a transporter that brings HCO 3 into the cell, is likely to be higher in SHR than WKY cells near steady-state pH ( for as long as there is intracellular acidosis and/or acid overproduction in SHR cells. It should be noted, however, that from our data we can predict only that the Na + -dependent Cr-HCO 3 "exchanger is overactive near steady-state pH| in SHR cells. The stimulated activity (elicited by CI" removal) and the kinetic properties of this exchanger, however, were clearly not different between SHR and WKY lymphocytes.
The third transporter studied, the Na + -independent C1"-HCO 3 " exchanger, had a maximal activity near a pH| of approximately 7.7, and there were no differences between SHR and WKY lymphocytes (Table) . Because the characteristics of this exchanger are such that its activity near steady-state pH, is suppressed, it seems unlikely that there would be any differences in activity between SHR and WKY cells. The kinetic properties of this exchanger were likewise similar between SHR and WKY rats.
The evaluation of the kinetic properties of a given transporter provides insight (albeit indirect) into the nature and genetic control of the protein of interest. 4 Our studies in lymphocytes reflect the activity of the housekeeping form of the Na + -H + antiporter (NHI-1), which is very sensitive to inhibition by amiloride derivatives, as opposed to the antiporter identified in the brush border of epithelial cells (NHI-3). 4 * 48 Based on our findings of identical kinetics behavior of the Na + -H + antiporter of SHR and WKY lymphocytes, we advanced the notion that the gene controlling this transporter is not likely to differ in SHR and WKY rats and, by extrapolation, in humans with primary hypertension. 4 In keeping with this prediction, a study using a restriction fragment length polymorphism analysis for the housekeeping form of the Na + -H + antiporter in hypertensive pedigrees of human subjects provided conclusive data that essentially excluded the NHI-1 form of the antiporter as a candidate gene in human hypertension. 49 We interpret the findings of the present study as suggestive that the plasma membrane proteins that subserve C1"-HCO 3 " exchange are not likely to be different in cells from SHR and WKY rats. By extrapolation, we propose that alterations in the structure of these pH, regulatory proteins are also not likely in human essential hypertension. Their regulation in vivo, however, may differ depending on the prevailing pH, and other factors that influence their activity.
